Nested structures approach in designing an isotropic negative-index material for infrared by Andryieuski, A. et al.
J O U R N A L  O F
T
O
R
H E  E U R O P E A N  
P T I C A L  S O C I E T Y
A PID  PU B LIC AT IO N S
Journal of the European Optical Society - Rapid Publications 4, 09003 (2009) www.jeos.org
Nested structures approach in designing an isotropic
negative-index material for infrared
Andrei Andryieuski
andra@fotonik.dtu.dk
DTU Fotonik Department of Photonics Engineering – Technical University of Denmark
DTU-343, DK-2800, Kgs. Lyngby, Denmark
Radu Malureanu
rmal@fotonik.dtu.dk
DTU Fotonik Department of Photonics Engineering – Technical University of Denmark
DTU-343, DK-2800, Kgs. Lyngby, Denmark
Andrei Lavrinenko
alav@fotonik.dtu.dk
DTU Fotonik Department of Photonics Engineering – Technical University of Denmark
DTU-343, DK-2800, Kgs. Lyngby, Denmark
We propose a new generic approach for designing isotropic metamaterial with nested cubic structures. As an example, a three-dimensional
isotropic unit cell design "Split Cube in Cage" (SCiC) is shown to exhibit an effective negative refractive index on infrared wavelengths.
We report on the refractive index reaching -2.3 and the figure of merit as high as 2.7. The structure exhibits potential for application as a
building block of isotropic negative-index materials. [DOI: 10.2971/jeos.2009.09003]
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1 INTRODUCTION
Metamaterials (MTMs) are artificially structured materials
that can deliver unusual physical properties, never occurred
in nature, to be used for our purposes. MTMs and especially
double negative materials [1, 2], which exhibit simultaneously
negative electric permittivity (e) and magnetic permeability
(µ), attract a lot of attention in the scientific community be-
cause of the promising applications for superresolution imag-
ing [3], nanocoupling [4], cloaking [5] etc.
The idea of double negative metamaterials have been realized
with different implementations in microwave and optical re-
gions: the split-ring resonator (SRR) [6] having negative mag-
netic permeability were combined with a wire medium [7]
exhibiting negative electric permittivity; the fish-net structure
[8] and cut-wire pairs [9] for negative refractive index in the
infrared and visible regions. Several groups reported fabrica-
tion and characterization of negative-index materials (NIMs)
[8]–[13]. Fabrication of such materials is still a challenging task
thus triggering the development of new fabrication technolo-
gies [14]–[16].
One particular call is for isotropic MTMs, so a lot of efforts
have been put into elaborating such materials [17]–[20]. It is
well known that either cubic or random arrangement of the
atoms (or meta-atoms) can lead to isotropy in properties [21].
There are two approaches to achieve this goal from the de-
sign point of view. The first one propose to arrange the SRR
unit cells into a cubic lattice [22]. A frequency limitation of
this design is due to the electromagnetic properties of metals
[23]. The second approach suggests to exploit Mie resonances
from dielectric spheres [24] arranged in the cubic lattice [25] or
distributed randomly [26]. The material parameters needed to
obtain the desired resonances in the optical regime can hardly
be found, thus limiting again the application of such design
by the microwave region.
In this paper we propose a generic approach for designing an
isotropic NIM unit cell in the telecommunication wavelengths
as a nested cubic structure. We will refer to our design as ”Split
Cube in Cage” (SCiC). By standard restoration procedure the
effective parameters such as refractive index and impedance
as well as permittivity and permeability are revealed and an-
alyzed. We focus on parameters of the constitutive parts in
separate and after their synthesis in the SCiC. Also we give
the proof of its isotropy. Problems originated after combining
several layers of such structure are highlighted in the conclud-
ing discussion.
2 METHODOLOGY
2.1 NIM design
The double negative material should in principle possess two
parts, one providing a negative electric permittivity (e < 0)
and the other responsible for a negative magnetic permeabil-
ity (µ < 0). The isotropy in optical properties claims high sym-
metry in the unit cell topology. To preserve the symmetry of
the two parts we decided to nest one inside the other, like a
cube in a cube. Each of the parts should contribute by its own
resonance properties: either electric or magnetic.
It is well known that a medium consisting of long metallic
wires gives negative permittivity [7]. It behaves effectively
like a diluted metal, obeying the Drude-like frequency depen-
dence. Having in mind the other part, which supposed to be
inserted in the 3D metallic wire medium without any contacts
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between them, we are forced to move all wires onto the pe-
riphery of the unit cell. Thus design resembles a cage (Fig-
ure 1), and we will refer to it as ”the Cage”. The Cage (Fig-
ure 1) defines the unit cell border and consists of 6 connected
perforated plates made from square cross-section wires hav-
ing a thickness of 20 nm equidistantly placed along the edge of
the unit cell. Each plate is of square shape with 250 nm length.
The Cage possesses cubic symmetry, so should do the inner
part of the cell.
Magnetic response can be generated by a split-ring resonator
[6]. It is modified for plane isotropic response in [27]. We make
further generalization extending it to a 3D design obeying cu-
bic symmetry: the hollow cube. Resonance conditions are im-
posed by carving symmetrical slits in the centres of the cube
facets (Figure 1). We will refer to the inner part of the unit cell
as ”Split Cube” (SCube). The SCube (Figure 1) is a metallic
box 160 nm long, with 20 nm walls and 5 nm slits in the mid-
dle of the cube facets. The sizes of the Cage and SCube were
obtained targeting the range close to 1.5 µm.
Both the SCube and the Cage are made from silver and em-
bedded into silica (not shown for simplicity). In the simula-
tions silver is described using the Drude model with plasma
frequency ωp = 1.39 · 1016 rad/s and collision frequency
νc = 1.68 · 1013 s−1 [28].
FIG. 1 Split Cube (A) and Cage (B) unit cell design parts
2.2 Simulation method
To characterize the structure and retrieve its effective param-
eters we simulated reflection and transmission amplitude-
phase spectra for normal incidence using CST Microwave Stu-
dio commercially available software [29]. As the unit cell size
is 250 nm and the structure is embedded in silica, the high-
frequency limit for this metamaterial to be regarded as ho-
mogenous medium is roughly about 200 THz (ax = ay =
az = λsilica/4). So, in order to keep ourselves within the ef-
fective medium approximation simulations were performed
in a frequency range from 20 to 220 THz. Periodic boundary
conditions for the directions perpendicular to the propagation
and open boundaries along the propagation direction were
applied.
We restored the effective parameters (refractive index and
impedance) using the conventional retrieval method for nor-
mal incidence [30]. According to [31] such parameters should
be regarded as wave parameters, because they cannot provide
complete description of the media, e.g. under the different an-
gles of incidence.
3 RESULTS
3.1 Cage
The Cage acts like a diluted metal with reflectivity almost
1 and transmittivity lower than 0.01 (Figure 2). So, it is not
surprisingly that restored effective permittivity (Figure 3) re-
sembles the Drude model dispersion. However, the absolute
FIG. 2 Reflectivity (red), transmittivity (green) and absorption (blue) spectra of a one
Cage layer
FIG. 3 Retrieved permittivity (red line is a real part and green – an imaginary part)
spectrum of the Cage structure. This colour convention will be respected in all the
subsequent figures
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FIG. 4 Retrieved permeability spectrum of the Cage structure
value of permittivity is about 10 times smaller than for the
bulk silver. Effective magnetic permeability (Figure 4) is less
than 1.0 indicating a diamagnetic response [32].
3.2 Spl it cube
Transmittivity and reflectivity spectra of the SCube (Figure 5)
show resonant behaviour around 175 THz. The SCube
effectively acts like a 3D magnetic meta-atom providing
negative magnetic permeability for the frequencies from
174.2 to 188.7 THz (Figure 6). Thus it gives the possibility
to obtain the negative refractive index. The minimum value
of permeability is −0.62. We note that a traditional antireso-
nance behaviour of permittivity (Figure 7) is observed in the
region of negative permeability [33]. The negative value of
Im(e) does not imply optical amplification, but rather energy
transfer from magnetic to electric field (see discussion in
[33]–[35]).
FIG. 5 Reflectivity (red), transmittivity (green) and absorption (blue) spectra of one
layer of SCube
FIG. 6 Retrieved permeability spectrum of the SCube structure
FIG. 7 Retrieved permittivity spectrum for the SCube structure
3.3 Spl it cube in cage
Inserting the SCube into the Cage we expect that as an out-
come of their joint operation we will get the negative refrac-
tive index as in the other cases, e.g. split ring resonators with
the wire medium, etc. However, the critical parameter is trans-
mittivity, which could be quite low due to the Cage screening.
Remarkably, the transmittivity spectrum of the one SCiC layer
(Figure 8) shows two new peaks which are not observed for
the cage and SCube separately (Figure 2 and Figure 5). The
peak at 185.7 THz (transmittivity 0.26) has high absorption
(0.35), and rather high reflection (Figure 8). It corresponds to
the region of negative refractive index (Figure 9). The second
peak at 198.4 THz has very pronounced transmission with low
absorption and negligible reflection. We will address the ques-
tion about its origin in Section 4.
The refractive index is negative in the range from f1 =
175.3 THz to f2 = 191.8 THz reaching its minimum value
of −2.3 at 183.5 THz. The maximum figure of merit (FOM)
is 2.7 and is shifted towards the edge of the absorption peak
at 185.8 THz (Figure 9). At this frequency the transmittivity is
0.26, the absorption 0.33 while the refractive index has a value
of −1.27.
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FIG. 8 Reflectivity (red), transmittivity (green) and absorption (blue) spectra of one
layer of SCiC
FIG. 9 Retrieved refractive index and figure-of-merit (blue) of one layer of SCiC
The restored effective parameters of the whole unit cell altered
from both the Cage and SCube. A permittivity (Figure 10) has
lower absolute value than for just the cage (Figure 3) and loses
its negative value at around 200 THz. Still, its antiresonant be-
haviour is maintained at the frequency of the
FIG. 10 Retrieved permittivity spectrum of one layer of SCiC
FIG. 11 Retrieved permeability spectrum of one layer of SCiC
magnetic resonance. A permeability (Figure 11) has almost the
same minimum value but the more pronounced resonance,
which leads to a narrower bandwidth compared with SCube
(Figure 6).
3.4 Several layers of SCiC
It is important to check whether the NIM properties are pre-
served for the thicker structure. When the number of SCiC lay-
ers is increased the negative refractive index is still observed
being shifted to lower frequencies and with lower absolute
values (Figure 12).
Our explanation for his phenomenon is that the negative per-
meability value for several layers of SCiC is decreasing by
the absolute value (Figure 13). However, the multiple layers
of pure SCubes maintain the negative magnetic response (Fig-
ure 14) therefore, reduction in SCiCs magnetic response comes
from the interaction between the Cage and the SCube struc-
tures. The negative value of the refractive index (Figure 12)
is due to the high negative permittivity but, in this case, the
losses are increased.
FIG. 12 Retrieved refractive index for one (red), two (green) and three (blue) layers of
SCiC
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FIG. 13 Retrieved permeability for one (red), two (green) and three (blue) layers of
SCiC
FIG. 14 Retrieved permeability for one (red), two (green) and three (blue) layers of
SCube
3.5 Band structure
An ultimate prove of the structural isotropy is the band struc-
ture. If the eigenfrequencies have the same values for different
directions in the reciprocal wave vector space, the material can
be regarded as isotropic [17]. The band diagram is obtained
using periodic boundaries in all spatial directions. To avoid
the slow convergence generated by the losses in the metallic
parts, we replace silver with a perfect electric conductor ma-
terial. To be noted that this approach does not influence the
isotropy or anisotropy of the structure, but changes the eigen-
frequencies values. The perfect electric conductor reduces the
effective volume of the unit cell accessible to fields that pushes
eigenfrequencies to higher values.
We calculated band diagram of the proposed NIM for Γ-X, Γ-
M and Γ-R directions (Figure 15). The homogenization proce-
dure is valid for long wavelengths, or for small wavevectors.
So, we are interested in the region close to k = 0. Here the
eigenfrequencies are almost the same for all aforementioned
directions. In addition all the bands are nearly flat. The latter
is an evidence of the significant reduction of the spatial dis-
persion.
FIG. 15 Band structure of the Split-Cube in Cage made from perfect electric conductor
(black line – Γ-X, red squares – Γ-M, green crosses – Γ-R)
4 DISCUSSION
As we see from Figure 10 and 11 effective permittivity and
permeability of the one layer of the Cage and the SCube be-
have as expected: the Cage gives negative permittivity and the
SCube gives negative permeability. The SCube has also minor
influence on permittivity which becomes apparent through its
antiresonance. In the same time the Cage has a diamagnetic
response perturbing magnetic properties of the SCiC struc-
ture. Nevertheless, these effects cannot overwhelm the prin-
ciple ones.
The proposed NIM with a nested structure has a simple cubic
lattice what is required for being isotropic and its unit cell re-
spects all the symmetry relations in ordered to be qualified for
an isotropic structure [36]. The isotropy of the proposed de-
sign is confirmed by the band diagram (Figure 15). The bands
are almost flat showing reduced spatial dispersion. Such be-
haviour was reported in the investigation of a 2D photonic
crystal structure between two perfect conducting plates [37].
Moreover, as it was shown in [38], the effective recipe to re-
duce the pronounced spatial dispersion of the metallic wire
medium is to insert additional metallic plates or small cubes.
The utilized restoration procedure by default is oriented
on the simplest case of material equations in the effective
medium. We should eliminate more sophisticate cases like
biisotropic medium, when in addition to permittivity e
and permeability µ two more complex parameters ξ and ζ
appear [39]. But as our unit cell (Figure 1) possesses inversion
symmetry, parameters of biisotropy vanish [36, 40], thus we
can characterize the structure using e and µ values only.
It is interesting to observe that SCiC transmission is higher
than the product of the Cage and the SCube transmissions.
There are two high transmittivity peaks at 185.7 THz and
198.4 THz (Figure 8). Since these peaks are hardly visible for
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the two design elements in separate (Figure 2 and Figure 5 re-
spectively) we suppose that they are due to the interaction be-
tween the parts. It is unlikely that this is a plasmon-induced
interaction because the periodicity of SCiC structure and its
features sizes corresponds to the plasmon frequencies in the
visible range [41]. We attribute this phenomenon to the Fabry-
Perot resonance with the main peak at 198.4 THz overlapping
with the resonant SCube behaviour at 185.7 THz. The signa-
ture of the Fabry-Perot resonances with inhibited reflection
might be recognized at 198.4 THz. However, detailed under-
standing requires special investigation.
In case of few cells stacked in the direction of propagation
the problem of loosing magnetic response of the combined
structure rises up. In addition, fields in the subsequent lay-
ers show fast attenuation. We think that this problem can be
solved by structural design optimization, so further analysis
of the nested structures properties is needed.
5 CONCLUSION
In this paper we discussed a new prospective NIM design for
isotropic metamaterial application. Our idea shows a generic
approach. In principle nested structural elements can differ
from cubes and cages. The one particular example we focus
ourselves is the Split Cube in Cage. One layer of the SCiC
possesses effective refractive index having a minimum value
of −2.3 and maximum figure-of-merit of 2.7 in the band. It is
composed by two distinct parts, each contributing to the over-
all negative response. The SCube gives negative permeability
while the Cage is responsible for negative permittivity. Band
structure analysis and unit cell symmetry confirm that such
NIM is isotropic. The questions of high transmittivity at some
frequencies and loss of negative refractive index for several
layers of SCiC require further investigation.
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